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1 Abstract
A study was undertaken to characterize the effect of
welding process on the types, sizes, and quantities of
microdiscontinuities found in HSLA 80 steel T-joints. Weld
toes of three processes, submerged are, flux-cored are, and
gas-metal are, were examin~ directly by scanning electron
microscopy. Fracture surfaces were obtained from fatigue
tests of FCAW welds, and also examined by SEM. The size and
type of each microdiscontinuity found was recorded.
In the direct toe examination, slag inclusions of up to
0.045 rnrn were fo~nd in SAW and FCAW, with mean lengths of
0.024 and 0.020 rnrn, respectively. Microcracks of up to 0.05
rnrn in length were found in SAW, FCAW, and GMAW, with mean
lengths of 0.025, 0.021, and 0.029 rnrn, respectively.
Micropores of under 0.020 rnrn were found in GMAW with a mean
diameter of 0.008 rnrn. Micropores of under 0.010 rnrn were found
in SAW and FCAW with mean diameters of 0.006 and 0.005 rnrn,
respectively. Welding spatter in SAW, GMAW, and FCAW averaged
0.018, 0.050, and 0.038 rnrn, respectively.
The aspect ratios (a/2c) of the microdiscontinuities
found in the fracture surface inspection averaged 0.92 for
slag inclusions, 0.62 for microcracks, 1.15 for micropores,
and 0.65 for welding spatter.
SAW formed the most slag inclusions and microcracks, GMAW
the most micropores, and FCAW the most spatter. Microcracks
often formed adjacent to other types of microdiscontinuities.
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2 Introduction
2.1 HSLA steels and their applications
One of the most promising developments in structural
materials during the past two decades has been the increased
innovation and interest in microalloyed, or high-strength low-
alloy (HSLA) steels. Instead of by addition of relatively
large amounts of carbon and other alloying elements, it has
become possible to obtain much improved mechanical properties
in steels with modest amounts of carbon and improved thermal
and mechanical processing. These steels enjoy excellent
combinations of high strength and toughness. Their low carbon
equivalents also ensure good weldability and good ductility at
low service temperatures.
The term "HSLA" has at times been used to refer to steels
of a rather wide range of compositions. [9) HSLA steels in
general, however, have in common a modest carbon content and
higher manganese content than mild steels. ,~SLAs also have
small amounts (on the order of 0.1%) of such carbide-producing
elements as niobium, titanium, and vanadium added to them to
induce precipitation hardening. HSLAs also take advantage of
new and improved thermomechanical treatments. [8) This
approach yields relatively fine ferrite/pearlite/bainite
microstructures.
Some HSLA steels often have up to one to two percent
copper added to them to further induce precipitation
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hardening. An example of a copper-bearing HSLA is HSLA 80, a
steel used by the u.s. Navy in combatant ships. It is on this
steel that the welding experiments are performed. A
commercial grade of this steel is available under the ASTM
designation A710.
The combination of properties that HSLA steels offer make
them highly suitable for demanding service environments. They
have found a wide range of applications, including truck
frames, offshore structures, and ships. Fabrication of such
structures often entails large amounts of welding.
2.2 Welding processes for large structural fabrication
Fusion welding is the process of joining metal parts
(collectively known as the "work" or "workpiece") by high-
energy deposition of metal at joints between the parts. Due
to its cost-effectiveness and versatility as a joining method
it is used extensively in the fabrication of such large
structures as buildings, ships, airplanes, and offshore
structures.
Many specific procedures of welding, or "welding
proces ses," have been developed. The most common welding
processes used in large structures are nearly all "electric
arc" processes, wherein the energy required to form metal
droplets is achieved through a high-current, low-voltage
electric power supply. Currents for large structure
fabrication will typically range between 200 and 600 amps and
3
voltages between 25 and 35 volts, depending on the thickness
of the workpiece, the welding process, and other factors.
Metal is deposited from the "electrode" to the workpiece by
means of the electric arc. "Flux," a mixture of oxides,
silicates, and other additives often deposited along with the
electrode metal, melts during welding to form "slag," a
coating over the weld protecting it from atmospheric gases as
the metal solidifies and cools. Flux also adds alloying
metals to the weld, and provides a chemically reducing
atmosphere in the weld pool to minimize the effects of
moisture and atmospheric gases in the weld metal.
A shielding gas is often used, in replacement of or in
addition to flux, to provide further protection of the weld
pool from moisture and gases. This gas can be carbon dioxide,
an inert gas such as argon, or a mixture of both.
One widely used process, submerged arc welding (SAW),
does not use shielding gas. It uses a flux feeding process
seperate from the electrode itself (as opposed to others which
add flux via the electrode). The arc is buried within the
granular flux. This method has high possible deposition rates
and can produce good quality welds consistently. However,
this process cannot be done in any position except II flat"
position (with the arc traveling straight down from the
electrode to the work) due to gravity acting on the flux.
Fig. 1 shows SAW welding. The electrode lS wound upon a spool
and delivered to the work at a rate controlled by a
4
microprocessor which also holds the amperage and voltage to
the desired levels.
A different process, gas metal arc welding (GMAW), uses
no flux, relying only upon an inert shielding gas to protect
the chemically reactive weld pool from damaging moisture and
atmospheric gases. The inert gas can be expensive, but
welding can be done relatively "cleanly" (with few inclusions
or embrittling hydrogen, for example) in any position. Figure
2 shows GMAW welding. The delivery of electrode to work is
otherwise identical.
Another process, which uses nearly the same equipment as
GMAW, is flux-cored arc welding (FCAW). This process uses
both flux and shielding gas. The flux is delivered along with
the electrode; the metal electrode is hollow and its core
filled with flux. The type of shielding used depends on the
composition of the electrode and other factors. Since in some
cases carbon dioxide can be used for shielding, FCAW can be
economical. However, the process is not as metallurgically
"clean" and the welds have been more prone to toughness
problems at times. Figure 3 shows FCAW welding.
2.3 Geometry, discontinuities, and conditions at weld toes
The "toe" of a weld is the intersection of the weld's
"face" and the workpiece material. An explanation of the
geometric terminology of welds is given in Fig. 4.
The toes are a place where many discontinuities occur
5
simultaneously.
necessarily make
(The presence of a discontinuity does not
a weld unfit for service, so the term
"defect" is avoided here.) Metallurgical considerations will
be relevant, since chemical and microstructural changes
associated with the fusion line and heat affected zone will
affect the area's mechanical properties. Hydrogen, nitrogen,
and other dissolved gases can embrittle or strain-age the area
if care is not taken during welding to keep them out or
chemically de-activiate them.
Geometric considerations will play an important role in
determining the mechanical properties at the weld toe. The
angle at which the weld face meets the workpiece (the "reentry
angle") will affect the properties since this represents a
mechanical "notch" which will tend to magnify the effects of
stresses. Also, improper control of the welding process can
leave an irregular groove in the base metal adjacent to the
toe where the base metal has been melted away; this type of
discontinuity 1S known as "undercut."
Other types of discontinuities at the toe also will play
a role in the weld's mechanical properties. The welding
process, whether properly controlled or not, will leave many
small microdiscontinuities behind. These microdiscontinuities
often serve as crack initiators in an already mechanically
sensitive area of the weld.
If flux is used in the welding process, bits of slag will
become trapped in the toe. Small pores will also be present;
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large amounts of them in larger sizes may be produced if the
shielding of the weld pool is inadequate or if the workpiece
is wet or contaminated. Welding spatter, inevitable to some
degree but resulting especially from improper voltage and
current levels, can also become trapped in the toe.
Microcracks can be formed by hot cracking, residual stresses
resulting from weld metal contraction during solidification,
etc.
2.4 Fatigue and its effects on welds
The service conditions of many welded structures,
including large structures such as ships and offshore
structures, demand that they undergo many cycles of loading
and unloading during their service life. This repeated
loading and unloading can cause failure of structures at much
lower stress levels than would be required for failure in only
one load cycle. This phenomenon is referred to as "fatigue,"
and is believed to play at least a partial role in
approximately 90 percent of industrial failures in welded
structures. [14] Fatigue failures are more common at welds
than in any other area of large structures, since the presence
of a weld in a member can greatly reduce its fatigue strength.
2.4.1 Geometric effects
Welded joints provide areas where geometrically created
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stress concentrations contribute to fatigue. These stress
concentrations usually have their most severe effect when the
joint is loaded transverse to the welding direction. The
roots and toes of the weld are the most susceptible areas for
fatigue crack initiation. The geometry of the notch created
at the toe, in particular, is cited as having a powerful
influence on a weld's fatigue life. Poor weld contour can
reduce fatigue life to one third that of well-fabricated
welds. [15]
If the penetration of the weld metal into the joint is
inadequate ("lack of fusion" or "lack of penetration"),
cracks can initiate at the root of the weld as well.
However, despite the somewhat planar nature of LOF/LOP, there
will usually be a relatively long crack initiation period from
this discontinuity. This is because the "tip" of this
discontinuity is quite blunt compared to that of a significant
crack. Some LOF/LOP is generally considered tolerable, the
amount depending on its orientation to the applied variable
stress.
Fatigue strength is also known to decrease with
increasing undercut depth. However, it has been noted [2]
that existing study of the subject suggests that the effect of
notch severity at the toe on fatigue strength is stronger than
that of undercut of usual depth.
As long as weld metal penetration and weld size are
adequate, the toes will usually be the most likely area of
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crack initiation when the weld is loaded transversely. [13J
2.4.2 Microdiscontinuity effects
In the toe, areas of microporosity, microcracks, and
inclusions also serve as stress raisers, increasing the speed
./
of fatigue crack initiation. This degrades both the service
life and load-carrying capacity of the joint, since initiation
typically requires higher stresses than growth. The most
damaging microdiscontinuities are those of a planar nature and
those which coincide with the surface of the weld in the toe
area. [16 J
Microporosity, due to its small size in reasonably well-
fabricated welds and its globular shape, is usually the least
detrimental type of microdisconinuity from a fatigue
perspective. In fillet welds, microporosity of usual density
is seldom a fatigue problem. [14J However, extensive porosity
at the toes can be reason enough to consider a weld unfit for
service.
Slag inclusions are also usually globular in shape, and
reasonable amounts of these inclusions usually do not present
problems in service in and of themselves. However, they tend
to be somewhat larger than micropores, and create stress
concentrations from which microcracks can nucleate and grow.
This is a more severe problem in higher strength steels, where
the critical flaw size for crack propagation is lower. [17]
Microcracks, due to their acuity, are considered the most
detrimental microdiscontinuities
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in fatigue. Some
investigators [17,18] consider microcracks the primary cause
for the short crack initiation period at higher yield
strengths. However, one investigation [19] into HY-80 steel
(HSLA 80' s higher-carbon predecessor) reported that hot cracks
did not significantly influence fatigue behavior.
Environments which lend themselves to stress corrosion (e.g.
seawater) and hydrogen trapped in the weld metal can make
welds more susceptible to microcrack propagation.
2.5 Weld fatigue life improvement techniques
Several weld treatment methods have been investigated by
which the fatigue life may be extended. These include
grinding the toes to remove sharp microcracks at the toe (Fig.
5a). This method has had only mixed results in practice.
Alternatively, the toe can be remelted via "TIG dressing"
to remove or minimize the discontinuities (Fig. 5b). TIG
dressing can remove both slag inclusions and microcracks at
the toe [21]; however, the results are less consistent and the
method is more expensive and requires more skill. [20]
Air-hammer peening can also be applied to induce
compressive residual stresses at the toe (Fig. 5c). This
technique has been shown in some experiments to approximately
double weld fatigue life. [20]
All of these techniques are relatively expensive and
inconvenient to implement on a large scale. Thus, they would
have to be restricted to specific welds in areas of the
10
structure which are particularly prone to fatigue failure due
to design considerations. Also, they have been shown to have
no significant benefit in a seawater service environment. [22]
2.6 Background work on the effect of weld process on weld toe
fatigue
Few direct attempts to characterize the effect of weld
process on the type, size, and quantity of toe discontinuities
are reported in the literature. However, one attempt to
characterize the type and size of toe discontinuities found in
manual metal arc (MMA) welds was available. Berge, Eide, and
Moe [11] found small undercuts, slag inclusions, and
microcracks at the toe, and calculated depth distributions for
them. The mean depths to which they extended were 0.06 rnrn,
0.023 rnrn, and 0.015 rnrn, respectively. They noted that the
largest discontinuities were often welding spatter, and not
slag inclusions or microcracks, which rarely were more than 50
microns and 35 microns deep, respectively.
A fairly recent study by Lassen [1] examined the effect
of welding process on fatigue crack initiation and growth in
welds joining HSLA plates. He found that the period of
initiation (defined as the period required for the crack depth
to reach 0.1 rnrn) at the toe showed little variation among FCAW
and two types of shielded metal arc electrodes (26 to 28
percent of the total fatigue life). The initiation period for
SAW, however, was significantly longer, at 39 percent of total
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rfatigue life.
Another recent study by Otegui, Mohaupt, and Burns [6]
exploring the same subject found that the welding process
influenced the number of cycles to initiation more heavily
than it influenced propagation rates. (Both studies [1] and
[6] did find that welding process influences propagation rates
to some extent, however.) They found that the difference in
initiation time did not depend to a high degree on stress
range. However, the effect of process on fatigue life was
more marked at lower stress ranges. Manual welds were more
fatigue-resistant than automatic welds. This was attributed
to the less severe notch at the toe of manual welds, as well
as the manual wel~' higher degree of crack plane mismatch.
This greater mismatch increased the crack coalescence depth.
2.7 Objective of studying effect of process on types of
discontinuities found at the toe of HSLA welds
Large structures fabricated from HSLA steels often
encounter demanding service environments. Due to its high
strength and toughness, good weldability, and good ductility
at low service temperatures, HSLA steels are used in offshore
structures and ships.
The fatigue limitations of welds are well recognized and
will become a more severe structural problem as higher
strength steels such as HSLA 80 gain wider use. Increased
material tensile strength tends to extend the crack initiation
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life of a steel, but not the crack propagation life. [12]
Regardless of welding process, the majority of the fatigue
life of fillet welds in high-cycle lab tests is spent in crack
propagation, not crack initiation. [1] It is not surprising,
then, that much of the large-scale fatigue testing already
done suggests that the fatigue strength of welded details is
nearly independent of the strength and type of baseplate used.
[5] Thus, a given weld detail will be more prone to fatigue
problems when fabricated with higher strength steel, since
allowable design stresses are greater. The toe cracks are
more likely to become the factor which governs the fatigue
life of a structure, a fact of which many structure designers
may not be aware.
It is well known that discontinuities at weld toes
greatly speed the initiation of cracks. Also well known is
that the size of the discontinuity needed to cause fatigue
problems decreases with increasing material yield strength.
Exactly which types of discontinuities are present, and in
what amounts and sizes, for each welding process has never
been adequately studied. To characterize the discontinuities
made by each process seems a necessary step towards
determining exactly why such weld details are so prone to
formation of toe fatigue cracks, and why the initiation period
varies significantly with process. Study of toe
microdiscontinuities may help to explain which processes are
best (from a fatigue perspective) for fabrication of large
13
HSLA 80 structures. Such study may also suggest steps which
may be taken to improve the fatigue resistance of welds.
The fatigue life of a weld has been shown to vary more
with process at lower stress ranges [6], making the choice of
welding process important in structures subjected to high-.
cycle, elastic-stress-regime fatigue. This is the type of
fatigue typical of large steel structures.
Also, through such study, methods may be determined by
which the deleterious effects of toe discontinuities could be
minimized. If the crack initiation life of the toe could be
improved, structures would last longer and be safer.
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3 Experimental Procedure
3.1 Materials
The steel used for the experiments was HSLA 80 grade
steel, a copper-bearing microalloyed steel used in naval ship
fabrication. The steel is similar to ASTM specification A710,
grade A or C, class 3. 9.5 mm (3/8 inch) and 12.5 mm (1/2
inch) thick plate were used. The chemical composition and
mechanical properties of the plates are given in Table 1.
After rolling, the plates were furnace-treated at 910 degrees
Centigrade (1670 F) for 70 minutes, then water quenched, then
aged at 650 degrees Centigrade (1200 F) for 70 minutes,
followed by water quenching. A typical microstructure of each
plate, taken at 1/4 thickness, is given in Fig. 6.
The plates were then flame-cut into pieces which
nominally measured 3/8" x 6" x 12" and 1/2" x 8" x 12" for
weld test specimens. The plates were covered with a zinc-rich
paint to retard rusting during shipment and storage. (This
paint was ground off before welding.)
3.2 Welding procedures
The plates were fillet welded together in aT-joint
configuration (see Fig. 7) using three different weld
processes: flux cored arc welding (FCAW), gas-metal arc
welding (GMAW), and submerged arc welding (SAW).
Semiautomatic welding was chosen for its ease of duplication,
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consistency of travel speed, and applicability to large
structure fabrication. Photographs of the setups used are
given as Fig. 8a, 8b, and 8c.
Welding parameters for the processes were chosen so as to
be typical of industrial welding procedures for fabrication of
large HSLA 80 structures. The combination of electrode type,
parameters, and shielding gas used for each process is
summarized in Table 2. No preheating was used before welding.
All welds were done in one pass in "flat" position (i.e., with
the electrode feeding vertically down to the work).
Preparations for welding consisted of grinding the anti-rust
paint off the plates in the area to be welded, and flattening
the bottom ~dge of the 9.5 mm plate by grinding. Acetone was
used to remove any grease or dirt from the plate surface. The
9.5 mm and 12.5 mm plates were tack-welded together on the
ends of the unused side to ensure that they remained correctly
oriented during welding.
The weld samples made using each process were about 25 cm
long. Ten 25 cm welds of each process were made in all.
3.3 Inspection of toe microdiscontinuities
3.3.1 Direct inspection of toe
Toes were examined directly by scanning electron
microscopy to characterize the discontinuities associated with
each process. Three specimens, nominally 3.8 cm (1 1/2 in.)
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long, were cut out with a metal band saw from three different
welds of each process, for a total of approximately 11.4 em (5
1/2 in.) of toe per process. A photograph of typical prepared
toe samples is given in Fig. 9. Carbon-conducting paint
"bridges" were painted from the specimen stubs up to the
exposed steel sides of the samples to ensure proper grounding.
The GMAW process left a glass-like deposit on the weld
surface, which covered the weld toe and made examination
impossible. To remove this deposit, a five percent solution
of hydrofluoric acid in water was prepared, and each GMAW
sample was immersed in the solution along with ultrasound
treatment for approximately 20 minutes. This technique
succeeded in removing or loosening most of the deposits
without damaging the toe. After this treatment the toes were
lightly scrubbed with a brass brush (chosen since brass is
softer than steel) to remove any remaining loosened deposits.
Typical photos of GMAW toe, taken before and after the
treatment, are given in Fig. 10.
Initial attempts to examine the toe defects were
relatively unsuccessful; slag and deposits had formed a
residue film covering the toes which was not electrically
conductive. This made the specimens prone to charging
problems once inside the SEM. To alleviate this problem the
samples were carbon-coated.
The discontinuities along each toe were catalogued; the
type and size of each were recorded. The total length of each
17
type of toe examined was also determined.
typical discontinuities were also obtained.
Photographs of
3.3.2 Cross-sectional inspection of toe
Cross-sections of each type of weld were taken so
geometrical conditions at the toes could be studied, and any
undercut could be noted.
Ten cross-sections from each process (one from each weld
made) were taken and prepared.
3.4 Fatigue test fracture surface inspection
In this part of the study, weld toe fractures of HSLA 80
welded with the FCAW process were obtained which had been
fatigued (by loading transverse to the weld toe) in a large-
scale test of a structural I-beam. Initiation, coalescence,
and growth of toe cracks had occurred in testing. The
fracture surfaces were observed in order to find and
characterize the toe discontinuities in cross-section. This
was to provide some information about their depths relative to
their surface lengths.
The I-beam test specimens, made in accordance with
military standards (Mil Std. 1689A), were nominally eleven
feet (3.3 m) long. The flanges were 13 rum thick and six
inches wide, and the webs were 9.5 rum thick and 35.5 cm (14
inches) wide'. Four inch long sections of I-beam were fillet
welded onto the top flange of the beam using FCAW wire MIL
18
100-Te, with carbon dioxide shielding, to simulate a bulkhead
attachment. (See Fig. 11 for a diagram of the fatigue
specimen and test setup.) Thirty-six beams with two
attachments each were tested, and three fracture surface
samples of the failed welds were taken at random. A more
complete description of the test setup and testing procedures
is given in reference [5].
Each of the three fracture surfaces was sprayed with a
krylon coating to protect it from damage by moisture and other
contamination. Just prior to examination by scanning electron
microscopy, this coating was removed by immersing the sample
in acetone with ultrasound treatment for approximately 15
minutes.
One inch of toe from each of the three samples was
examined, and the width, depth, and type of each discontinuity
found was catalogued.
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4 Results and Discussion
FCAW and GMAW,
of undercut.amountsmallaleftsometimeshowever,
4.1 General weld toe descriptions
Of the three processes, SAW formed the least severe notch
at the toe, and FCAW and GMAW showed similar degrees of notch
severity (Fig 12). The geometry of the SAW toes was more
consistent than that of the other two processes; GMAW and FCAW
toes both showed some toe angle variation from sample to
sample.
SAW toes showed no visible undercut.
Interestingly, this groove was generally contained within the
weld metal and not the base metal; the actual fusion line
between weld metal and base metal was just outside the
immediate notch area (Fig. 13) This type of undercut has
been noted in the literature [2], and is believed to occur to
some extent, at the majority of welds of all electric arc
processes. It has been speculated [2] that this undercut is
caused by metallurgical debris at the weld toe combined with
the HAZ adjacent to the toe.
There were a number of relatively large pieces of slag on
the surface of the SAW welds in the general area of the toe
and adjoining baseplate, which the acetone/ ultrasound
treatment failed to remove. Most of these did not seem to
penetrate into the toe, and so could not be classified as toe
discontinuities. These pieces of slag were large compared to
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those which penetrated the toe (generally the surface pieces
were in the range of 0.05 mm to 0.50 mm). The average number
of these bits present on the toe, per em of toe, was 47.5.
These did obstruct the view of the toe in some areas, and a
number of SAW microdiscontinuities were probably missed as a
result. However, there was no reason to suspect that the
missed discontinuities were different in size, shape, and
quantity per inch of toe from those catalogued, and the slag
covered only a small fraction of the total length of toe.
4.2 Discontinuities found in direct toe inspection
The number density of each type of microdiscontinuity in
each process was calculated, and the comparative results are
shown graphically in Figs. 14-17. Table 3 shows the mean
length and standard deviation for each process/discontinuity
combination, and Figs. 18-22 show the discontinuity length
distribution for each combination. Photographs of typical
microdiscontinuities are given in Figs. 23 to 27.
4.2.1 Slag inclusions
Fig. 14 shows that SAW produced more slag inclusions per
unit length of toe than FCAW (16.5 per em vs. 13.7 for FCAW).
This is not surprising, since in SAW much more flux is used.
(No count of slag inclusions was taken for GMAW since it uses
no flux, and the deposits left by the process were removed to
allow a clear view of the toe.) It is worth pointing out once
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again that the density of SAW slag inclusions is probably
slightly underestimated due to obstructed view of the toe in
some areas.
The slag inclusion length distributions also show some
differences between FCAW and SAW (Fig. 18). The peak of the
distribution was virtually identical for both processes, in
the range of 16 to 20 micrometers. However, the SAW mean slag
inclusion length was about 20 percent higher than FCAW.
There were many more SAW slag inclusions in the 20 to 45
micrometer length range. FCAW had more inclusions than SAW
which were smaller than the mode, in the 5 to 15 micrometer
range. SAW flux tends to be coarser than FCAW flux since the
FCAW flux must be included within the electrode. Perhaps this
is part of why more relatively large SAW slag inclusions were
present.
The standard deviation from the mean inclusion length was
nearly identical (8.3 micrometers for both SAW and FCAW).
Neither SAW nor FCAW formed a significant number of slag
inclusions longer than 45 micrometers.
4.2.2 Microcracks
SAW formed by far the highest density of microcracks of
the three processes - 32.1 cracks per cm versus FCAW's 12.9
per cm and GMAW's 8.3 per cm (Fig. 15). The SAW heat input
was not significantly greater than the GMAW heat input (2.36
kJ/mm in SAW vs. 2.33 kJ/mm in GMAW), but a larger weld was
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produced in SAW, since less energy is required for SAW's
globular transfer than GMAW's spray-transfer. This would
likely lead to more weld metal shrinkage and thus higher
internal tensile stresses at the toe, making more cracking
likely.
A somewhat higher heat input was used in the GMAW process
than in FCAW (2.33 kJ/mm vs. 1.71 kJ/mm in FCAW), since with
GMAW a spray-transfer mode was desired rather than the
globular transfer typical of FCAW. The weld sizes were
similar. FCAW, however, produced more microcracking than
GMAW, not less. These comparisons suggest that the extent of
toe microcracking formed by electric arc processes is much
more strongly related to the weld size than to the heat input.
Microcracks in all processes often were located adjacent
to (and adjoining) spatter and slag inclusions. The presence
of a microdiscontinuity in a region of residual tensile stress
creates a stress concentration in that local area; thus
microcracks would probably be more likely in the vicinity of
other microdiscontinuities. The relative lack of spatter and
slag inclusions formed by GMAW may help to explain its low
microcrack density as compared with FCAW and SAW.
The mean microcrack length with the GMAW process was the
longest (29.2 micrometers), followed by SAW and FCAW (25.4
micrometers and 20.7 micrometers, respectively). SAW and GMAW
had wider microcrack size distributions than FCAW (Fig. 19).
A significant number of GMAW and SAW microcracks were 50 or
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more micrometers long, but FCAW formed virtually no
microcracks more than 35 micrometers long.
4.2.3 Microporosity
Micropores were the smallest of the discontinuities
studied. In this study, only pores of 2 micrometers or more
are considered. Imaging limitations imposed by the nature of
the sample made measuring and cataloguing smaller pores very
difficult.
As shown In Fig. 16, the GMAW samples studied formed the
highest pore density, 27.5 per em, followed by FCAW with 22.5
per em. SAW, however, had much fewer pores at the toe, 7.3
per em. The SAW process involves more heat and a larger weld
pool than FCAW and GMAW. The weld metal takes longer to
solidify, and more time is allowed for gases to diffuse to the
surface of the pool. It might be expected that less SAW
micropores would remain after solification. Also, the large
amount of flux used may provide better shielding than the
gases used by the other two processes.
The mean micropore sizes in SAW and FCAW were very
similar, at 4.65 micrometers and 4.71 micrometers,
respectively. Nearly all FCAW and SAW micropores were less
than 10 micrometers in diameter. A number of SAW pores were
significantly larger, however, and several of these reached 20
micrometers in diameter. It is possible that these are
associated with slag inclusions residing just below the
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surface of the toe, at the bottom of these pores.
The mean GMAW micropore size was about 70 percent higher
than FCAW and SAW (7.92 micrometers), and a large number of
micropores were more than 10 micrometers in diameter. The
density of micropores varied widely from sample to sample
within the GMAW process; one of the three samples formed a
density more than double that of the other two. It is
possible that an experimental error such as inadequate
shielding or a contaminated surface caused one sample to form
more porosity than normal. The largest micropores, however,
were produced in nearly equal numbers by the three GMAW
samples studied.
The large number of micropores found at the GMAW toes is
probably caused, in part, by the preparation of the samples.
The hydrogen fluoride solution removed mill scale from the
base material at the toe and the base material beyond the toe.
This exposed many smaller pores already present in the base
metal before the welding was done.
Since the GMAW process uses no flux, the weld pool is
less thoroughly shielded than in SAW and FCAW. Air currents
can blow the inert gas away from the pool prematurely, leaving
it exposed to atmospheric oxygen and nitrogen. Two percent
oxygen is also added to the inert gas to stabilize the arc,
which is difficult to control in an argon-only environment.
This oxygen could have contributed to the relatively large
amount of GMAW microporosity.
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GMAW micropores often appeared in closely spaced
clusters. When such a cluster was observed it was classified
as a single discontinuity. Figure 21 shows the size
distribution of these clusters. 21.0 of these clusters were
found per centimeter of GMAW toe studied.
4.2.4 Welding spatter
FCAW formed much more spatter (18.2 spatter
discontinuities per centimeter of toe) than the other two
processes (Fig. 17). The globular-transfer mode operative in
FCAW seems more prone to spattering than GMAW's spray-
transfer. GMAW formed very little spatter, only about 0.8
such discontinuities per centimeter of toe. SAW formed 5.4
per centimeter.
The spatter size distributions show no significant peaks
for any process; it appears that spatter of random sizes is
generally formed. However, some useful information may be
gained from examining Figs. 22. Neither GMAW nor FCAW formed
a significant number of spatter discontinuities of over 50
micrometers in length, but about one in every five FCAW toe
spatter discontinuities was over that length. The large
amount of flux covering the SAW weld pool probably physically
prevents much liquid metal from "splashing" out of the weld
pool. This is probably why SAW produces less spatter, and in
smaller sizes, than FCAW, despite the identical transfer mode.
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4.3 Microdiscontinuities found in fatigue test fracture
surface inspection
The aspect ratio a/2c (where a = the discontinuity's
maximum depth and c = half its length) of each discontinuity
found at the fracture surface toes was calculated. Table 4
gives the mean aspect ratio and standard deviation for each
type of discontinuity. Figures 28-31 show the aspect ratio
distribution for each microdiscontinuity type. Figures 32 -
35 give typical examples of microdiscontinuities found. The
lengths of the microdiscontinuities are compared with those
from the direct toe inspection in Table 5.
The microdiscontinuities found on the fracture surface
appear generally similar in size to those found in the direct
toe inspection, with the exception of spatter. Spatter was
formed in larger sizes in the direct-examination samples than
in the fracture surface samples. Many of the details of the
welding procedure for the fatigue test specimens were not
available, including a precise summary of the welding
parameters. This makes speculation about the causes of the
discrepancy difficult, since the amount of spatter formed will
depend to a large degree upon such variables as welding
voltage and current.
The depths to which the slag inclusions and microcracks
extend also compare well with those of the discontinuities
studied by Berge, Eide, and Moe [11], despite the difference
in process (MMA versus the FCAW used here). They found mean
27
depths of 0.023 mm and 0.015 mm for slag inclusions and
microcracks , respectively. The mean depths found in the
fracture surface inspection of this study were 0.020 rom for
slag inclusions and 0.017 rom for microcracks.
4.3.1 ~crodiscontinuityaspect ratios
Immediately apparent upon observing the aspect ratio
graphs is that slag inclusions and micropores tend to have
aspect ratios near 1. This would suggest that most surface-
breaking slag inclusions and micropores extend no deeper into
the weld toe than their surface length. The mean aspect ratio
for slag inclusions was 0.92, for micropores, 1.15.
A minority of the micropores extended more deeply into
the toe; aspect ratios of 2 and 3 were typical of these
discontinuities. These were almost invariably caused by slag
inclusions residing at the bottom of the pores. This is why
the micropore mean aspect ratio is significantly above 1.0;
nearly all other pores had aspect ratios of about 1.0.
The high relative surface roughness of the fracture
surface made distinguishing and recording pores below 5
microns in diameter difficult, and these went largely
unrecorded. However, there was no reason to suspect that the
aspect ratios of the smaller micropores were significantly
different than those of the larger ones. The smaller
micropores are also the discontinuities least likely to have
significant effects on the weld's fatigue properties.
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The microcracks observed nearly all had aspect ratios of
between 0.55 and 0.80; the mean was 0.62. While the
microcracks were not as deep as their surface length, they
were deeper than semicircular cracks.
Spatter discontinuities usually were of a fairly globular
shape. However, they were buried within the toe to varying
degrees, so the aspect ratio varied ("a" was taken to be the
depth to which the discontinuity reached).
ratio was 0.65.
The mean aspect
4.4 General analysis and remarks
The largest discontinuities produced by FCAW were spatter
discontinuities, not slag inclusions, and microcracks often
formed adjoining spatter. This suggests that the role of
spatter in FCAW fatigue crack initiation may be strong on the
microscopic scale, since the largest microdiscontinutites will
produce the largest local regions of stress concentration.
This will make initiation of a significant fatigue crack more
likely in that area.
As noted in the introduction, Lassen [1] found that that
fatigue crack initiation period was significantly longer in
SAW than FCAW, despite the finding here that SAW produced more
and larger microcracks than FCAW, and slag inclusions of
comparable size. Manual metal arc welds in Lassen's study had
initiation periods virtually identical to those of FCAW. MMA
is a process which is globular transfer and has no large
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"blanket" of slag to control spatter as SAW does.
SAW welds in this study tended to form less severe
notches at the toe than FCAW welds, and this may account for
much of the longer SAW initiation period. However, the
results still suggest that previous literature may be
overemphasizing slag inclusions and microcracks as the primary
microscopic crack initiators in FCAW and MMA welds on the
microscopic scale. The importance of spatter in fatigue life
of welds of similar geometry could be receiving too little
attention. (Unfortunately, investigation of spatter's role in
fatigue will be made complex by the fact that the amount and
size of spatter formed will vary with many welding
parameters. )
GMAW's relative lack of most types of discontinuities
(except for micropores and pore clusters) raises the question
of how long its fatigue crack initiation life will be relative
to processes which use flux. No study of the influence of
process on fatigue crack initiation and growth was available
which included GMAW or any other flux-less process. It seems
quite possible that GMAW could resist fatigue better than
these processes; this is a topic which needs further study.
It should also be noted that the welds made for this
study were made under conditions as close to ideal as
possible, and only 11 to 12 em of weld toe was examined for
each process. It seems highly likely, then, that instances of
larger inclusions, microcracks, and welding spatter than found
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in this study will be present in most large structures. These
will serve as likely initiation areas for significant fatigue
cracks.
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5.0 Conclusions
1. Submerged arc welding (SAW) produces more slag inclusions
at the weld toe than flux cored arc welding (FCAW). The sizes
of the inclusions, however, do not vary much between
processes, and are similar to those found in the literature of
manual metal arc welds as well. Slag inclusions seldom are
more than 0.05 rom long or deep. SAW inclusions average 23.7
micrometers long, FCAW inclusions 19.5 micrometers long with
a mean aspect ratio (a/2c) of 0.92.
2. Many more microcracks are produced by SAW than by FCAW and
gas metal arc welding (GMAW). GMAW produces the least
microcracking of the three processes. Microcrack initiation
is aided by the presence of other local microdiscontinuities
such as slag inclusions and spatter. Aspect ratios (a/2c) of
microcracks will seldom be more than 0.80 or less than 0.55.
SAW, FCAW, and GMAW microcracks average 25.4, 20.8, and 29.2
micrometers long, respectively.
3. FCAW and SAW gas micropores at the weld toe will seldom
exceed 0.01 rom in diameter; GMAW micropores will range up to
0.02 rom in diameter. GMAW pores will occur in closely spaced
clusters that should be considered a single discontinuity from
a fatigue perspective; these clusters will be up to 0.05 rom in
length. GMAW will produce more micropores than FCAW; SAW will
32
produce less than FCAW. Micropores are nearly always
globular, however, deep micropores (a/2c = 2 to 3) will
occasionally form in conjunction with slag inclusions just
below the toe surface. SAW, FCAW, and GMAW micropores over 2
microns in diameter average 5.7, 4.7, and 7.9 micrometers in
diameter, respectively.
4. GMAW produces very little spatter, and SAW only a modest
amount. Neither process will produce spatter larger than 0.05
mm in any significant quantity. FCAW is much more spatter-
prone, and spatter up to 0.2 and 0.3 mm in depth at the toe
will be formed. SAW, FCAW, and GMAW spatter discontinutites
averaged 18.0, 50.4, and 37.5 micrometers, respectively, but
this result will very with many factors other than process.
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6.0 Recommendations for future work
It 1S apparent that more work is needed in this area of
study. As designers of large structures search for ways to
use the advantages of improved steels in their work, they will
find the fatigue limitations of welds an increasingly limiting
factor. The mechanisms of fatigue crack initiation at weld
toes are still poorly understood on the microscopic scale, and
it seems clear that extending the crack propagation life of
welds sigificantly is difficult and expensive at best. The
following further study is recommended:
1. Investigation of the influence of other welding parameters
upon the type and quantity of micro-discontinuities produced.
For example, study is available of the influence of welding
position upon weld geometry, but not upon discontinuities on
the microscpoic scale.
2. Future study of the effect of welding process on fatigue
crack initiation and growth should include flux-less processes
such as GMAW.
3. Closer study of the influence of welding spatter on
fatigue crack initiation and growth.
4. Study of the influence of SAW flux particle size on the
sizes of slag inclusions found at SAW weld toes. If the SAW
flux is ground more finely, it may form smaller inclusions at
the toe and thus make fatigue crack initiation more difficult.
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Table 1
Chemical Composition and Mechanical Properties of HSLA 80, in wt%
Plate C Mn P S Si Ni Cr Mo V Ti Cu Nb Al
9.5 mm 0.04 0.57 0.013 0.002 0.255 0.85 0.71 0.179 0.005 0.005 1.12 0.045 0.047
1.25 mm 0.05 0.54 0.009 0.001 0.265 0.83 0.72 0.196 0.005 0.005 1.08 0.042 0.047
Plate Yield Strength Tensile Strength Elongation, %
(MPa) (MPa)
9.5 mm 598 647 33
12.5 mm 562 624 32
W
0\
Table 2
Welding parameters used
Process Electrode Current Voltage Travel Heat Input Shielding Gas
(amperes) (volts) Speed (kJ/mm)
(em/min)
SAW MIL 100S - 1 400 30 30.5 2.36 N/A
FCAW MIL 101 TM 275 29 28 1.71 75 Ar125 CO2
GMAW E 110C - G 350 31 28 2.33 98 Arl2 02
w"
J
Table 3
Mean length and (standard deviation) of microdiscontinuities, direct toe inspection
Process Slag Microcracks Micropores Welding Micropore
Inclusions Spatter Clusters
SAW 23.7 (8.3) 25.4 (12.3) 5.7 (5.2) 18.0 (13.4) N/A
FCAW 19.5 (8.3) 20.8 (6.7) 4.7 (2.0) 50.4 (73.5) 37.5 (20.0)
GMAW N/A 29.2 (11.7) 7.9 (5.5) 26.3 (14.2) N/A
w
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Table 4
Mean aspect ratio a/2c and Standard Deviation, fracture surface inspection
Slag Inclusions Microcracks Micropores Welding Spatter
Mean aspect ratio 0.92 0.62 1.15 0.65
Standard deviation 0.23 0.19 0.85 0.22
Table 5
Fracture surface mean microdiscontinuity lengths compared with direct toe inspe~tion
Slag Inclusions Microcracks Micropores Welding spatter
FCAW direct inspection 19.5 20.8 4.7 50.4
Fracture surface ··21.b -- - _. -- -----27.2 -------5-;2- ------ -2-a-.G--·-·----
(micrometers)
TO AUTOMATIC
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POWER
TO FLUX
HOPPER
WELD
BACKING
PLATE
------
WELD TRAVEL
------
Figure 1
Submerged arc welding (SAW) diagram [23]
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Figure 2
Gas metal arc welding (GMAW) diagram [23]
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Figure 3
Flux cored arc welding (peAW) diagram [23]
/- \N'~\J \6~
\>Je\d ToZ.
I
i
Figure 4
Weld geometric terminology
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Figure 5
a. Weld after toe grinding; b. "11G dressing" of weld toe;
c. Peening of weld toe
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Figure 6a
Microstructure of 9.5 nun HSLA 80 plate, 400x
Figure 6b
Microstructure of 12.5 nun HSLA 80 plate, 400x
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Figure 6a
Microstructure of 9.5 nun HSLA 80 plate, 400x
Figure 6b
Microstructure of 12.5 nun HSLA 80 plate, 400x
42
~
u
o
....~~-- ('J ----=>-...
Figure 7
Diagram of T-joint weld configuration
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Figure Sa
Photograph of FeAW equipment setup
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Figure 9
Toe samples prepared for SEM examination
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Figure 9
Toe samples prepared for SEM examination
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Figure lOa
Photograph of GMAW toe deposits
Figure lOb
GMAW toe after deposit removal
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Figure lOa
Photograph of GMAW toe deposits
[,
Figure lOb
GMAW toe after deposit removal
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Figure 11
Diagram of fatigue test specimen and equipment setup
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Figure 12
Typical SAW, FCAW, and GMAW weld cross-sections
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;
Figure 12
Typical SAW, FCAW, and GMAW weld cross-sections
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Figure 13
Micrograph of FCAW toe (lOOx). Note fusion line outside
undercut groove.
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Figure 13
Micrograph of FeAW toe (lOOx). Note fusion line outside
undercut groove.
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Figure 23
Typical slag inclusion in weld toe
Figure 24
Typical microcrack at weld toe
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Figure 23
T' ..yplCal slag mclusIOn in weld toe
Figure 24
Typical microcrack at weld toe
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Figure 25
Typical gas micropore at weld toe
Figure 26
Typical GMAW micropore cluster
69
Figure 25
Typical gas micropore at weld toe
Figure 26
Typical GMAW micropore cluster
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Figure 27
Typical weld spatter inclusion in weld toe
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Figure 27
Typical weld spatter inclusion 10 weld toe
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Micropore Aspect Ratios
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Figure 32
Typical slag inclusion on fracture surface
Figure 33
Typical microcrack on fracture surface
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Figure 32
Typical slag inclusion on fracture surface
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Figure 33
Typical microcrack on fracture surface
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Figure 34
Typical micropore on fracture surface
Figure 35
Typical welding spatter on fracture surface
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Figure 34
Typical micropore on fracture surface
'.
.'
,_ :,l~
-}'~. ~
Figure 35
Typical welding spatter on fracture surface
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